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Robust evidence over many years supports the widespread use of pharmacologic rubidium-82 positron emission tomography (PET) myocardial perfusion imaging (MPI) for noninvasive detection of coronary artery disease (CAD) as well as for risk stratification of patients with known CAD. 1, 2 In early experimental studies, 3 critical myocardial ischemia had been defined during acute coronary occlusion as flow reduction of 50%. Gould et al 4 established that the fraction of left ventricle myocardium rendered critically ischemic during acute coronary occlusion can be measured accurately and noninvasively using perfusion imaging with PET. Hachamovitch et al 5 determined that patients with [10% ischemic myocardium as evaluated by SPECT had lower death rates when subjected to early revascularization compared to medical therapy whereas lesser amounts of ischemia fared better with initial strategy of medical therapy. This concept appears to guide current considerations for medical therapy versus revascularization in clinical practice using both SPECT and PET. Estimation of ischemia by PET is further strengthened by assessing various parameters such as stress left ventricular ejection fraction and reserve, and presence of transient ischemic dilation of the left ventricle. [5] [6] [7] Although visual estimation of perfusion defects with PET still focuses on relative perfusion, one of the major advantages of PET with its higher temporal and spatial resolution, robust attenuation correction and tracer kinetic modeling methods, is the ability to calculate myocardial blood flow (MBF) in mLÁmin
of tissue. Thus, quantitative PET holds great promise in enhancing diagnostic accuracy of coronary disease and shedding light into areas where relative perfusion struggles, namely balanced ischemia, correct identification of three vessel disease, and microvascular disease. Evaluating regional MBF with PET using N-13 ammonia and O-15 labeled water has been widely validated but requires an on-site cyclotron for their production. Being generator produced, rubidium-82 is now the most widely used radionuclide for PET perfusion imaging. There are inherent limitations with MBF quantification using rubidium-82 such as nonlinear extraction fraction and higher positron range leading to greater image degradation. However, several studies 8 have now been published validating rubidium-82 using a single compartmental model as reliable method for MBF quantitation. Furthermore, several studies have also now demonstrated the incremental prognostic value of PET derived myocardial flow reserve (MFR) over clinical factors, perfusion defect size, and severity in patients with known or suspected CAD. [9] [10] [11] [12] A quest for further refining the prognostic value of PET MPI has led to significant developments in the past decade in the area of assessment of rest and vasodilator stress MBF and thus calculation of regional MFR or coronary blood flow reserve (CFR) by PET MPI. 7, 9, 10 For the purpose of this editorial and to be consistent with the study reviewed, 13 we will use the term CFR although both CFR and MFR are used interchangeably in the literature.
Measurement of rest and peak stress MBF and CFR correlate inversely to coronary artery stenosis severity. From review of published studies on CFR, it is increasingly evident that patients with reduced CFR experience higher cardiac mortality even after accounting for differences in clinical factors and extent and severity of perfusion defects, 14 and hence, MBF assessment is entering into routine clinical practice. It is important to recall that CFR assessed by vasodilator stress is predominantly a measure of endothelium-independent coronary flow abnormalities and to a lesser extent endothelium-dependent flow abnormalities caused by coronary artery stenosis. Hence, CFR is more a global measure of vasculature and evaluation and interpretation of hyperemic MBF, and CFR with PET MPI needs to be set in the clinical context with coronary anatomy and concomitant cardiovascular risk factors. This has been postulated as the reason why specific patient cohorts show significant improvements in CFR despite no mechanical revascularization but with aggressive dietary and lifestyle modifications, such as low fat diets and tobacco abstinence. 15, 16 This may also explain why hyperemic MBF has proved to be more accurate than CFR in detecting flow-limiting stenosis on both a per patient analysis and a per vessel analysis.
While there is a significant amount of evidence supporting the prognostic utility of pharmacologic rubidium-82 PET MPI, there is a paucity of prospective clinical trials utilizing PET MPI data to drive patient management, such as to guide coronary angiography or revascularization decisions. Based on published studies, [17] [18] [19] invasive coronary angiography is deemed appropriate for patients with high-risk findings on PET MPI such as significant ischemic perfusion defects involving [10% ischemic myocardium and other highrisk markers, such as transient ischemic dilation, stressinduced left ventricle dysfunction, or significant electrocardiographic changes during stress testing. While the COURAGE (Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation) trial showed us that percutaneous coronary intervention (PCI) based on angiographic stenosis severity did not reduce coronary events compared to guideline-directed medical treatment, 20 trials with invasive fractional flow reserve (FFR) assessment (FAME Trial-Fractional Flow Reserve Versus Angiography for Multivessel Evaluation) suggest that FFR measurement can be a useful tool in the revascularization decision-making process and lead to better outcomes. 21 While the COURAGE and FAME trials addressed different aspects of stable CAD, both of these trials highlight the relevance of physiologic impact of stenosis compared to anatomic stenosis in revascularization decision making. Furthermore studies 4, 22 have elegantly investigated this anatomic versus physiologic discordance between FFR and CFR and highlighted the unique role of PET in the revascularization decisionmaking process. It is well known that FFR measures stenosis related decline in distal coronary pressure during maximum hyperemia. The normal coronary vessel exerts minimal resistance to flow both during rest and hyperemia, but in the presence of a focal coronary artery stenosis, the distal coronary pressure declines during hyperemia as a function of the stenosis severity and stenosis with FFRs \0.75 or \0.80 have been shown to induce ischemia and are defined as functionally significant. This is a vital difference compared to CFR, which measures the ratio of maximal hyperemic to resting flows for a given artery with or without stenosis or diffuse narrowing. Thus, FFR and CFR may represent different aspects of the disease process. This difference is most apparent in patients with diffuse CAD, leading to significantly low CFR but minimal change in FFR due to the absence of focal stenosis and hence preservation of pressure-derived flow reserve. The discordance between FFR and CFR may be as high as 40%, as shown in some studies. 22, 23 These scenarios happen when focal stenosis is accompanied by preserved global MBF and CFR and vice versa when diffuse microvascular disease and abnormal CFR is accompanied by minimal abnormalities in FFR. [22] [23] [24] In this issue of the journal, Bober et al 13 sought to investigate changes in PET determined MBF, specifically stress MBF (sMBF), in a small group (n = 19) of patients undergoing pharmacologic rubidium-82 PET MPI pre (PET 1)-and post (PET 2)-percutaneous coronary intervention (PCI). The most common indications for the PET scans was chest pain and the population tested was intermediate to high-risk group overall. The main focus of their study was to assess if revascularization based on the presence of PET reversible perfusion defects is associated in improvement of regional MBF pertaining to those segments. Toward this purpose, they classified segments into four categories based on the presence or absence of PET perfusion defects and if PCI was performed in those segments or not (Table 1 of their paper). Of note, a 17-segment model was not used to classify these segments, but rather a 4-quadrant program was used to classify defects. For reasons stated above emphasizing the differences between CFR and FFR assessment, the authors focused specifically on hyperemic or stress MBF (sMBF) and not CFR. Prior investigators have also suggested the role of ''hyperemic MBF assessment'' as opposed to ''CFR'' as potentially a better parameter to guide patient management. [23] [24] [25] Following matched revascularization (presence of PET reversible defect and PCI of that segment), post-revascularization sMBF increased by 0.6 ± 0.7 mLÁmin
(1.2 ± 0.4 vs 1.7 ± 0.8; P \ .001) and CFR increased by 0.5 ± 0.6 (1.3 ± 0.4 vs 1.8 ± 0.7; P = .001). The average stress induced perfusion defect size decreased from 20% to 8% of the entire left ventricle myocardium (P \ .001) and average sMBF and CFR within the defects improved from 0.59 to 0.96 mLÁmin -1
Ág
-1 (P = .05) and from 0.77 to 1.13 (P = .02), respectively. In the unmatched revascularization group (no defect but revascularization was performed; n = 14), neither stress MBF nor CFR showed a significant change (1.7 ± 0.3 vs 1.5 ± 0.4 mLÁmin
, P = .16; and 1.4 ± 0.2 vs 1.5 ± 0.3, P = .11; respectively). There was no significant change in the average stress-induced perfusion defect size either (4% vs 10% of the myocardium, P = .41). There also was no significant change in the average minimal sMBF or CFR within the defects (1.18 vs 0.84 mLÁmin
, P = .11; and 0.98 vs 0.97, P = .93; respectively). Importantly there was no increase in sMBF in unmatched revascularization segments. Segments with matched no revascularization (no stress PET reversible defect and no revascularization) had unchanged MBF between the 2 PET scans. Thus, the authors show that if targeted revascularization is done in segments where PET reversible perfusion defects are noted, then one can expect to see an increase in post-PCI sMBF pertaining to those areas. They conclude that their study is the first study to evaluate quantitative MBF parameters by rubidium-82 PET MPI in patients with CAD pre and post intervention and could potentially serve as an attractive option to triage which patients and which territories would benefit from revascularization.
This finding of reduced sMBF in areas of stress perfusion defects showing improvement post-PCI could have implications when planning revascularization strategies. Trials, such as COURAGE, have failed to show improvement of routine anatomy-based revascularization compared to optimal medical therapy 20 although sub-studies of COURAGE have highlighted that relief of residual ischemic burden on optimal medical therapy with PCI may have improved outcomes. 26 These findings are now further solidified with data from the FAME and DEFER studies that have emphasized ischemia-guided revascularization. The current study conceptually fits into this paradigm showing that when using PET to identify ischemic areas, which are then specifically targeted for revascularization, there will likely be concomitant improvement in sMBF in those areas. Whether this translates to improved outcomes using the strategy employed in this study cannot be clarified based on this study.
While these data add to the prior studies on this topic, there are some significant limitations of this study: (a) small cohort of study subjects (n = 19); (b) not all of the patients who had the initial PET underwent the second PET study, so there was inherent bias in patient selection of repeat PET which was driven by clinical symptoms; and (c) 5 of the 19 patients had either a ventricular paced rhythm or underlying left bundle branch block, and the influence of a paced ventricular rhythm on sMBF and CFR assessment is not fully understood. The authors acknowledge some of these limitations but argue that their primary focus of the study was to assess the impact of regional revascularization on regional MBF based upon PET perfusion imaging. Also one cannot conclusively deduce from their study the true impact of this change with revascularization given a very small patient population.
How do findings of Bober et al impact clinical practice? Exploring this question is central to help us understand the role of PET MBF assessment in the CAD diagnostic paradigm. There have been remarkable advances in pharmacologic therapies in the past two decades, and we know from studies such as COURAGE that even in patients with significant CAD, medical therapy has an important role to play. Prior to the advent of statins, almost all of these patients would be treated by revascularization, but that is certainly not the case anymore. Patients with small ischemic burden in the absence of other high-risk features on the stress MPI (SPECT or PET) seem to do better with initial trial of medical therapy when compared to revascularization. Testing the sMBF hypothesis of the current study in a patient group who do not undergo revascularization but do undergo aggressive medical therapies will help us better understand the role of PET MBF assessment in this cohort. Of note, the patients in the Bober et al study were on excellent medical therapy; however, the numbers are too small in the four groups to reach any conclusions. Future studies will also need to examine if improving regional MBF, as shown by PET, translates to better clinical outcomes. Thus, just focusing on regional segment flow improvement is just not sufficient justification for intervention rather what it would do for outcomes is most paramount.
In conclusion evidence mounts that revascularization of ischemic zones identified by clinically indicated stress PET in patients despite adequate medical therapy is associated with improved regional blood flow as demonstrated by PET. Larger studies performed in a prospective fashion using PET MPI focusing on hard outcomes and examining the role of sMBF in guiding revascularization are eagerly awaited and will establish the superiority of PET perfusion imaging guiding revascularization in clinical practice.
